Photon bursts with a wavelength smaller than the plasma inter-particle distance can drive plasma wakes via Compton scattering. We investigate this fundamental process analytically and numerically for different photon frequencies, photon flux, and plasma magnetization. Our results show that Langmuir and extraordinary modes are driven efficiently when the photon energy density lies above a certain threshold. The interaction of photon bursts with magnetized plasmas is of distinguished interest as the generated extraordinary modes can convert into pure electromagnetic waves at the plasma/vacuum boundary. This could possibly be a mechanism for the generation of Radiofrequency waves in Gamma-ray bursts.
Photon bursts with a wavelength smaller than the plasma inter-particle distance can drive plasma wakes via Compton scattering. We investigate this fundamental process analytically and numerically for different photon frequencies, photon flux, and plasma magnetization. Our results show that Langmuir and extraordinary modes are driven efficiently when the photon energy density lies above a certain threshold. The interaction of photon bursts with magnetized plasmas is of distinguished interest as the generated extraordinary modes can convert into pure electromagnetic waves at the plasma/vacuum boundary. This could possibly be a mechanism for the generation of Radiofrequency waves in Gamma-ray bursts.
Electrons, positrons, ions, photons, and neutrinos can all drive wakes while propagating in plasma [1] [2] [3] [4] [5] [6] . The streaming particles see the plasma as a dielectric medium [7] and can excite plasma modes via the action of their effective ponderomotive force [8] . However, the description of plasmas as a dielectric media breaks down at scales where the notion of averaged fields loses its meaning. Intuitively, this scale should at least be the Debye length -a more conservative estimate being the inter-particle distance. In the case of the electromagnetic fields, this corresponds to distinguish the dressed photons from the non-dressed photons. The dressed photons acquire an effective mass due to the collective interaction with the plasma and propagate according to a dispersion relation [5] . On the contrary, for wavelengths scales smaller than the inter-particle distance, the collective behavior cannot emerge since the photon can only interact with one electron at the time. Dreicer [9] and later Gould [10] paved the way for a kinetic theory of plasmas which includes the full radiation field: the averaged field produced by the plasma in the fluid limit and the photon nature of the radiation. Discrete-particle effects, as photon-electron scatterings [11] explain the saturation properties of cyclotron radiation masers [9] , the relaxation to a thermal equilibrium of a photon-electron gas [12, 13] , or the Comptonization of the microwave background [14] . The hindrance to these previous analytical studies lies in the treatment of electrons as free particles and the collective plasma dynamics are thus neglected. Frederiksen [15] was the first to lift the veil by pioneering particle-in-cell simulations coupled to a Monte Carlo Compton module. He observed with this novel numerical tool the formation of plasma wakefield structures driven by a broadband burst of gamma rays. In this Letter, we investigate theoretically and numerically the fundamental process of collective plasma wakes excitation by photon drivers. The interaction of the injected photons with the plasma is solely due to Compton photon-electron scattering. We would like to emphasize that this present work differs fundamentally from pre-vious studies where exotic or non-conventional photon drivers, still interacting with the plasma via the ponderomotive force, such as X-ray pulses [16] or incoherent optical lasers [17] have been considered to drive wakefields. We explore different regimes according to the photon frequency, the photon flux, and the initial magnetization of the plasma. We find that the burst can excite plasma wakes than can convert into radiation. We put in perspective the implications of both laboratory experiments and high energy astrophysics. We confirm our findings with plasma simulations performed with the particle-incell code OSIRIS [18, 19] . OSIRIS has been enriched during the past years with several modules that allow exploring kinetic plasma physics in the regime where strong radiation [20] and quantum electrodynamics processes become relevant [21] [22] [23] . Recently, a Compton scattering module has been implemented to the OSIRIS framework in a similar fashion as the one of Frederiksen [15] , and Haugboelle [24] .
Let us consider a collimated photon burst of wavelength λ = 2πc/ω propagating in a cold unmagnetized plasma of density n p -ω is the energy of the radiation quanta, and c the speed of light. The Compton momentum exchange between an electron and a photon is, at the lowest order in λ C /λ (λ C = /mc is the Compton wavelength), ∆p
( ω/c)(n i − n f ), where n i and n f are respectively the initial and the final direction of the photon. The angle averaged momentum exchange along the initial direction reads
where µ = cos θ, θ is the scattering angle, σ T the Thomson cross section, and dσ/dµ the differential scattering cross section in the Thomson limit. While the ions remain in first approximation immobile, the electrons are scattered by the radiation burst of density n ω at a rate ν C = σ T n ω c. The average force exerted by the radiation is where E = n ω ω is the radiation energy density. This result may appear as a special case obtained for a monochromatic burst. However, in the case of a broadband collimated burst, Peyraud [13] has shown that the momentum exchange per unit of time (at the lowest order in λ C /λ) on the plasma fluid is σ T ωN (ω)dω, which generalizes Eq.(2) since the integral term represents the energy density of the photons (N (ω) is the frequency distribution function of the photons). Hence a broadband burst containing the same energy density as a monochromatic burst results in the same average plasma momentum ∆p . In the case of a laser, the force on the electrons of the plasma would show two components: the ponderomotive force F P = − 1 4π r e λ 2 ∇ E (r e being the classical electron radius), and the radiation reaction force. The time averaged radiation reaction force in the classical limit [27] corresponds exactly to Eq.(2). We can compare the relative importance of the two components and in the case of a burst with a length on the order of the plasma wavelength λ p = 2πc/ω p ,
where d n = n −1/3 p is the inter-particle distance. One sees that even for tenuous plasmas, the Compton force exceeds the ponderomotive force when λ d n . Equation.(3) can be rewritten in terms of photon energies as ω [eV] 700 n 1/4 p [10 18 cm −3 ]. From a more fundamental point of view, if a burst of photons with λ d n enters a plasma, the concept of dielectric medium does not hold. Rather, a photon would see a very diluted ionized gas and would scatter with the electrons. The usual dispersion relation used for the propagation of light is not suitable in this situation and the photons travel at the speed of light between each collision.
We show now that a burst of photons with λ C < λ < d n that only interacts with the electrons through Compton scattering can excite some collective modes of the plasma. In the case of an unmagnetized plasma, this corresponds to the crossing of ω = kc with the Langmuir branch. We can use the standard linear perturbation theory, with the introduction of the Compton force F C . The linearized equations of a one-dimensional cold fluid of plasma electrons are
where n, v, and E are the perturbed density, velocity, and field respectively. Solving for E, we obtain
x is the frame of reference co-moving with the radiation burst, and k p = 1/d e , d e = c/ω p the electron inertial length. We consider a driver of the form E(ξ) = E 0 sin 2 (ξ/2l), with l = L/λ p the normalized length of the burst. The wake amplitude at the back of the driver is obtained by convolution of the source term with the Green function of the harmonic operator
Contrary to the wakes driven by lasers or electron beams [2, 3] , the amplitude of the electrostatic field does not depend on the plasma density but solely on the photon energy density [25] . However, we note that the optimal driver length corresponds to a resonant driver length, L ∼ λ p as for the standard laser case [1] . For very long drivers, the electrons experience multiple scattering, which tends to damp the amplitude of the electrostatic field. An upper threshold for the minimum photon energy density to observe a well-defined wake can be found by assuming that a significant fraction of the scattered electrons should be caught by the plasma wave oscillation. This amounts to say that ∆p < eE/ω p or
for a resonant driver, where l γ = 1/n p σ T is the photon mean free path. Equation (6) defines the minimum energy density E min to drive a well-defined wake. This condition is also equivalent to ν C > ω p [26] . An engineering formula for this minimum energy density in the case of a resonant driver is
The Compton force σ T E can be regarded as a force acting on a fluid element if a sufficiently large photon energy density propagates through the plasma. Only in this case will the space charge separation able to pull back a significant fraction of the scattered electrons. We have carefully compared our analytical findings with 1D and 2D particle-in-cell simulations performed with OSIRIS-QED. The code includes a Compton scattering collision algorithm, which follows the pioneering work of Haugboelle [24] . At each time-step, the number of macro-scattering is chosen by a Monte Carlo sampling of the Klein-Nishina cross section [28] . The momentum of the scattered macro-particles is then updated following the wavelength shift of Compton scattering [11] . We performed all of our simulations for a reference plasma density of 10 18 cm −3 , relevant here for possible laboratory experiments.
A series of 2D simulations were conducted with a resonant radiation driver (L x = L y = λ p ). The 2D simulations have been performed in a box 72 d e × 30 d e with ∆x = ∆y = 0.1 d e and ∆t = 0.07 ω −1 p , with 16 macro-particles per cell. Figure 1-a) λ > λ C ( ω = 50 keV) and E 0 /E min ∼ 0.01 corresponds to the regime where the photon energy density is below the threshold. Most of the scattered electrons cannot be pulled back by the space charge force and stream through the plasma. Physically, each streaming electron drives its own wake, creating an incoherent electrostatic field [7] . The phase space shows that the electrons are also heated up. The maximum momentum of the electron population corresponds to the maximum momentum exchange with the photon, p max = 2 ω/c. When the photon energy density is around the threshold E 0 /E min ∼ 1, the linear wake is visible as displayed in Fig 1-b) . The electron phase space exhibits the presence of plasma oscillations on top of the temperature induced by the Compton collisions. Note that the maximum longitudinal momentum is higher than in the previous case due to electron acceleration in the wake. The initial photon burst is very slightly depleted -the scattered photons are slowly sliding back in the plasma as shown in the phase space. that goes beyond the exposed theory. When λ < λ C , the angular cross section becomes relativistically beamed and each scattering propels the electron forward close to the speed of light as seen in the phase space. As a result, the photon burst becomes rapidly loaded with an increasing dense relativistic electron beam. In this regime, the beam is driving the wake [2] . The case of Frederiksen [15] due to a long burst with a broad spectrum is hard to be characterized since both of the last aforementioned regimes are competing. We also verified the scaling of Eq.(5) for a fixed plasma density with 1D simulations shown in Fig. 2 . The 1D simulations have been performed with a moving window (which follows the driver pulse) 24 d e long with ∆x 1 = 0.01 d e and ∆t = 0.0099 ω −1 p , with 256 macroparticles per cell. The length of the radiation burst is λ p and the energy of each photon is in the range ω = 5−50 keV, such that Eq.(6) is fulfilled. We have also considered a beam with a 50% spread in energy. As predicted, the spread does not influence the wake amplitude.
So far unmagnetized plasmas have been considered, which only allows exciting the branch of Langmuir waves. If the plasma is initially magnetized, and the direction of the photons is perpendicular to the magnetic field, the burst can excite the lower branch of the extraordinary modes [29] at ω = ω p or ω = kc. It is straightforward to prove that in a 1D linear theory, the longitudinal electric field E x of the extraordinary mode, driven by the Compton Force, is identical to one derived for the Langmuir branch, see Eq. (5) . Since ω = ω p , one deduce [7] that the transverse (or electromagnetic) component of the electric field is E y = i(ω c /ω p )E x , where i is the imaginary unit and ω c = eB 0 /mc the cyclotron frequency associated to the background magnetic field B 0 . The ratio between the longitudinal and the transverse component of electric of the extraordinary mode has been accurately verified in our simulations, as seen in Fig.3 . Each run was carried out in a 24 d e box with ∆x 1 = 0.01 d e and ∆t = 0.0099 ω −1 p , with 256 macroparticles per cell. The length of the radiation burst is λ p . The energy of each photon and the energy density of the radiation are ω = 50 keV, and E 0 /E min = 30 respectively.
An important question to address is the conversion efficiency from the initial burst into extraordinary waves since the electromagnetic part of these modes can be transmitted to vacuum at the exit of the plasma. The incoming energy flux is on the order of I in ∼ E 0 c while the electromagnetic energy flux associated to the extraordinary waves is I out ∼ E 2 y c/4π. Using Eq.(5) for the amplitude of E x , we obtain for a resonant driver,
In the case of a low magnetization, ω c /ω p 1, then η 1 since r 3 e E 0 /mc 2 ∼ (r e /d e )( ω/mc 2 ) when Eq. (6) is fulfilled E 0 E min . The conversion efficiency η cannot be above unity for an arbitrary values of E 0 . The electrostatic component of the extraordinary wave is limited to the wave-breaking limit [1, 3] and η max ∼ B 2 0 /E 0 . The power transmitted to vacuum will be further attenuated as the extraordinary mode must tunnel through the evanescent layer at the plasma/vacuum interface [29] . For high magnetization ω c /ω p 1, there is no attenuation since the excited mode is allowed to propagate through the plasma/vacuum interface for any value of the decreasing plasma density (no evanescent layer). This stems from the hybrid frequency, which diminishes down the plasma gradient, still remaining greater than the plasma frequency where the mode was excited. Nonetheless, two factors can restrict the efficiency. First, when E y > mcω p /e, the motion of the electrons becomes relativistic and the classical scaling |E y /E x | = ω c /ω p breaks. Secondly, if the background magnetic is sufficiently large, additional processes such as synchrotron emission [27] will impact the dynamics of the plasma restricting our previous analysis.
To summarize, we have explored and unveiled a new regime of light-plasma interaction where photon bursts can excite efficiently plasma wakes via Compton Scattering. To access this regime, the burst should be comprised of photons whose wavelength are smaller than the inter-particle distance and have a energy density above a certain threshold. The plasma wakes correspond to the Langmuir and the extraordinary modes for unmagnetized and magnetized plasmas respectively. The Comptonplasma coupling is relevant in different scenarios, ranging from the laboratory to astrophysics. X-ray facilities such as the Linac Coherent Light Source [30] can provide radiation bursts with wavelengths in the range λ 0.01 − 10 nm (0.1 − 10 keV) and thus serve as a testbed to demonstrate in the laboratory the possible generation of plasma wakes. These X-rays source will typically possess an energy density of µJ µm −3 , which according to Eq.(7) constraints the plasma density to be in the range 10 6−10 cm −3 . The plasma wake can possibly be converted to Gigahertz or sub Terahertz radiation (ω p ∼ 10 8−10 rad/s). In astrophysics, extremely powerful sources/events e.g. γ-ray bursts (GRBs), can radiate, within seconds, more than 10 50−54 erg, with a spectrum peak around 100s of kev [31] . The photospheric radius, where most energy is radiated, amounts approximately to R ph 10 12−15 cm [32] . Such bursts release a typical energy flux on the order of 10 23 erg/cm 2 s in the circumbust medium of density n p ∼ 1cm −3 . The energy density of the photon is on the order of E ∼ 10 13 erg/cm 3 . These parameters satisfy both Eq.(3) and Eq. (6) showing that Compton scattering may drive strong plasma wakes in the circumburst medium of GRBs. These plasma wakes would eventually convert into Radio frequency waves at the plasma/vacuum boundary.
